Aims Tuberculate ectomycorrhizae are a unique form of ectomycorrhiza where densely packed clusters of mycorrhizal root tips are enveloped by a thick hyphal sheath to form a tubercle. The functional significance of such a unique structure has not previously been established. The purpose of the present study was to investigate and measure the potential nitrogenase activity associated with Suillus tomentosus/Pinus contorta tuberculate ectomycorrhizae in two stand ages, young and old, and across a range of nitrogen-poor soil conditions. † Methods Short roots were compared with other mycorrhizae and non-mycorrhizal secondary roots using tuberculate ectomycorrhizae. Assessment of nitrogenase activity was determined and quantitative measurements were taken on tuberculate ectomycorrhizae in situ in a variety of different circumstances, by using an adaptation of the acetylene reduction assay. † Key Results Significant nitrogenase activity was measured associated with S. tomentosus/P. contorta tuberculate ectomycorrhizae whereas no nitrogenase activity was measured with non-tuberculate mycorrhizae or secondary roots without mycorrhizae. Average nitrogenase activity ranged from undetectable to 5696 . 7 nmol C 2 H 4 g 21 tubercle 24 h
INTRODUCTION
Nitrogen is the most limiting nutrient in most ecosystems and largely determines the growth of various plant species including many conifer tree species (Johnson et al., 1982; Weetman et al., 1988; Preston and Mead, 1994) . A great deal of research and knowledge has accumulated on the nitrogen-fixing capabilities of legumes and other nodulated nitrogen-fixing genera, for example Alnus spp., Casuarina spp. and Parasponia spp. (Ekblad and Huss-Danell, 1995; Webster et al., 1998; Tjepkema et al., 2000) . There are numerous combinations of nitrogen-fixing symbionts, suggesting multiple parallel evolutions of nodulated nitrogen-fixing structures. Many leguminous plants are typically associated with bacteria from the genera Rhizobium, Bradyrhizobium and relatives and are often able to fix substantial quantities of nitrogen (Vance, 1998; Graham and Vance, 2000) . The nitrogen-fixing endosymbiont for both Alnus spp. and Casuarina spp. is the bacterial genus Frankia, whereas the endosymbiont of Parasponia spp. is a Rhizobium spp. (Trinick and Hadobas, 1995; Webster et al., 1995) .
Although the study of nodule-associated nitrogen fixation is well established, recent research on the symbiotic relationships of nodulated plants has revealed a third organism involved in the symbiosis that appears to be significant in terms of overall nitrogen-fixing capability (Singh, 1996; Das et al., 1997; Barea et al., 2002 Barea et al., , 2005 . It has long been known that many leguminous plants are mycorrhizal, most commonly with species of arbuscular mycorrhizal fungi. It has much more recently been shown that combined inoculation with arbuscular mycorrhizal fungi and either Rhizobium spp. or Bradyrhizobium spp. on to leguminous plants significantly increases the amount of nodulation, nodule biomass, overall plant growth and, most importantly, level of nitrogen fixation compared with plants inoculated with bacteria alone (Azcón et al., 1991; Singh, 1996; Das et al., 1997; Barea et al., 2002 Barea et al., , 2005 . This mycorrhizal influence is not limited to legumes but has also been observed with nonleguminous plants such as Casuarina colonized by Frankia spp. (Vasanthakrishna et al., 1994; Ravichandran and Balasubramanian, 1999) . Additionally, it has also been observed that ectomycorrhizal fungi show a similar influence when combined with Frankia spp. inoculated on to Alnus spp. (Miller et al., 1992; Yamanaka et al., 2003 Yamanaka et al., , 2005 , and when combined with Bradyrhizobium spp. inoculated on to Acacia mangium (Jayakumar and Tan, 2005) .
Associative nitrogen fixation is also well established as an important nitrogen input for many plant ecosystems. Associative nitrogen fixation is the phenomenon whereby nitrogen-fixing bacteria are not encased within a nodule of the host root tissue but instead are found in the rhizosphere or mycorrhizosphere (van Berkum and Bohlool, 1980) . Li and Hung (1987) also reported nitrogen-fixing Clostridium spp. and Azospirillum spp. isolated from surface-sterilized ectomycorrhizal root tips, which suggests that associative nitrogen-fixing bacteria may reside within the ectomycorrhizae but, again, not within a nodulated structure. Associative nitrogen fixation proximal to mycorrhizal roots was first suggested by Richards and Voigt (1964) and its existence (if not importance) has been firmly established during the last 20 years (Chatarpaul and Carlisle, 1983; Dawson, 1983; Florence and Cook, 1984; Amaranthus et al., 1990; Tsimilli-Michael et al., 2000) . In these types of relationships, bacterial species other than those of the genera Rhizobium, Bradyrhizobium and Frankia have been shown to fix nitrogen which is then taken up by the mycorrhizal fungus and, ultimately, by the host plant. Li and Hung (1987) proposed that phosphorus uptake by the ectomycorrhizal fungus increased and enhanced the nitrogen-fixing capabilities of the associative nitrogen-fixing bacteria.
In another study, Li et al. (1992) proposed that nitrogenfixing bacteria reside within the tuberculate (nodule-like) structure of some kinds of ectomycorrhizae, but were unable to verify this and concluded that the bacteria were only associated with the tubercle surface. They estimated the overall contribution of nitrogen fixed by Rhizopogon vinicolor/Pseudotsuga menziesii tuberculate ectomycorrhizae (TEM) to the nitrogen nutrition of P. menziesii and found it was of minor significance.
Recently, the culturable nitrogen-fixing bacteria Paenibacillus pabuli, Paenibacillus amylolyticus and Methylobacterium mesophilicum were shown to reside within TEM formed by Suillus tomentosus on Pinus contorta var. latifolia roots (Paul, 2002) . These bacteria were isolated from inner tissue and were not found on the surface of the tubercles (Paul, 2002) . The presence of nitrogen-fixing bacteria exclusively within a nodular structure -the TEMsuggests an evolutionary parallel to the other types of nodulated loci of significant levels of nitrogen fixation. Therefore, the TEM is a logical place to look for concentrated nitrogen fixation. TEM, composed of a combination of bacteria, fungus and plant tissue, are not as dissimilar from other nitrogen-fixing nodules as was once assumed.
The objective of the present study was to measure the nitrogenase activity associated with S. tomentosus/P. contorta TEM in situ and to evaluate the potential importance of the nitrogenase activity to the nitrogen budget of P. contorta stands in the study area. Work was done at three sites with a range of soil conditions, but at all sites, nitrogen availability was low. In addition, two stand ages were compared: young and old. Work was done in two seasons: spring and summer.
MATERIALS AND METHODS

Study sites
The potential nitrogenase activity of S. tomentosus/ P. contorta var. latifolia TEM, via acetylene reduction, was measured at three sites (Alex Graham, Nimpo Lake, Puntzi Lake) located across the Sub Boreal Pine Spruce xeric cold (SBPSxc) biogeoclimatic subzone in the Chilcotin Forest district, 150 km west of Williams Lake, British Columbia, Canada. DNA sequencing confirmed morphotype evaluation that the TEM on these study sites were exclusively from S. tomentosus, which is abundant in the area (Paul, 2002) . The SBPSxc is characterized by cold, dry winters and hot, dry summers. Forest floors are typically thin (,4 cm) and decomposition is slow. The soils are nutrient-deficient with relatively low-productivity (Steen and Demarchi, 1991; Steen and Coupé, 1997) .
At each of the study sites, except for Alex Graham, samples were collected in two different stand age classes. The stand ages were class 2 (,40 years old) and class 8 (.140 years old). At Alex Graham there was no suitable woody debris in the age class 8 site and therefore samples were only collected in the class 2 site. The soil at Puntzi Lake consisted of sandy loam derived from basaltic parent material with a mesic hygrotope (wet basaltic), while at the Alex Graham site the soils were characterized as dry (submesic) with sandy loam texture and derived from basaltic parent material (referred to as dry basaltic). At Nimpo Lake, the soil was sandy loam textured derived from granitic parent material (granitic) with a dry hygrotope (submesic).
Evaluation of nitrogenase activity
Quantitative assessment of nitrogenase activity was performed on S. tomentosus/P. contorta TEM in situ by using an adaptation of the acetylene reduction assay (ARA) (Hardy et al., 1968; Li et al., 1992) . Measurements were conducted once in spring (MayJune) and once in late summer (August -September) in 1997 and 1998. To conduct the ARA, TEM were located in randomly selected rotting logs in each stand at each site. The reason for conducting the procedure on TEM in rotting logs was that TEM are abundant and easy to find there (Paul et al., 2006) . Appropriate roots were gently excavated from the woody material without breaking connection to the main root system, and cleaned of excess debris (Fig. 1A) . It is very difficult to clear sufficiently around roots in mineral soil to allow them to be inserted into the apparatus without accidentally detaching them from the secondary roots.
The secondary root, while still connected to the tree and with attached mycorrhizae (where the treatment indicated), was gently inserted into a rubber septum collar. The roots with attached septum were then gently inserted through a hole cut into the rubber plunger component of a 30-cm 3 plastic syringe. Before the plastic syringe (incubation tube) was completely assembled, a 6-mL gas chromatograph retention vial, with an inert butyl rubber septum placed partially in the opening of the vial, was positioned at the bottom of each incubation tube to allow collection of the gas sample for analysis once the incubation was complete (Fig. 1B ). The incubation tubes were then completely sealed by tightly fitting the rubber plunger assembly with the root attached into the mouth of the incubation tubes and applying a silicon caulking grease around the root where it passed through the slot in the septum (Fig. 1B) . The incubation tubes were immediately flushed with inert argon gas to lower the oxygen concentration in the tubes to between 1 and 3 % (Fig. 1C ). This step was necessary because many N 2 -fixing bacteria are microaerophilic or anaerobic (Aho et al., 1974; Silvester et al., 1982; Amaranthus et al., 1990; Li et al., 1992) and the nitrogenase enzyme undergoes rapid oxidative damage in atmospheric air. Once the incubation tubes were flushed, 10 % of the gas headspace in the tubes was extracted using a gas-tight syringe (Chromatographic Specialists, Brockville, ON, Canada), and replaced with pure acetylene (Fig. 1D ). This created an incubation environment of 10 % acetylene with microaerobic conditions (87 -89 % argon, 1 -3 % oxygen).
The main treatments for the ARA were secondary roots with TEM, secondary roots with non-tuberculate mycorrhizae (SRM) and secondary non-mycorrhizal roots (SR). It has been reported that ethylene oxidation is inhibited by acetylene so that any ethylene produced by root tissues will accumulate (Bont, 1976; Nohrstedt, 1976; Witty, 1979) and may result in an overestimation of nitrogenase activity. To test for this possibility, additional incubation tubes containing roots with TEM were incubated with a very low concentration (0 . 05 %) of acetylene (ARTEM). This concentration is sufficient to repress the oxidation of ethylene in the absence of ARA activity and allows measurement of ethylene production by the root system (Nohrstedt, 1976) . Background ethylene production from the incubation apparatus was estimated by including a treatment that consisted of incubation tubes assembled with no roots, no mycorrhiza and no tubercles and incubated with 10 % acetylene (87-89 % argon, 1 -3 % oxygen) (AR). Treatment AR was also used to correct for air-space variations in the incubation tubes and for gas leakage (McNabb and Geist, 1979) . It has been reported that prolonged incubations (.12 h) of excised roots, with acetylene, overestimates nitrogenase activity due to bacterial growth during the assay, which depletes root mineral N, a repressor of N 2 -fixation (van Berkum and Sloger, 1985) . To avoid this possibility, during the main sample collecting periods (spring and summer, 1997, 1998) , incubation lasted only 10 h. All results are reported on a 24-h basis.
After incubation, gas samples were collected by pushing the rubber plunger down into the syringe, thereby closing the seal on the gas retention vial (Fig. 1B) . Once closed, the retention vials were airtight and contained a 6-mL sample of gases from within the apparatus.
A 1-mL gas sample was extracted from each of the chromatograph sample vials and was analysed for ethylene concentration using an HP 5400 gas chromatograph fitted with a 80-100 mesh Porapak R column. The column temperature was maintained at 70 8C with nitrogen as the carrier gas. The injection temperature and flame ionization detector temperature was set at 105 8C, and the flow rate of the carrier gas set at 40 cm 3 min 21 (Li et al., 1992) . Five replicate root systems were tested for each of the treatment types per sample period in both years.
Tubercle biomass measurements and nitrogenase calculations
Once incubations were complete, all tubercles in the incubation tubes were detached from the secondary roots and tubercles and secondary roots were dried at 70 8C for 8 h and weighed separately. Nitrogenase activity per gram of TEM was calculated by first correcting for endogenous and background ethylene production. The corrected values were then multiplied by the total gas volume in the incubation tubes to determine net ethylene production for each complete TEM system. The resulting value was divided by the mass of tubercles in each incubation tube to obtain a measure of nitrogenase activity per gram of TEM.
Statistical analysis
A two-way analysis of variance (ANOVA) was conducted to evaluate the effects of the three sites (dry basaltic, wet basaltic and granitic) and the two stand age classes on the nitrogenase activity of S. tomentosus/P. contorta TEM. Post-hoc tests were used to evaluate significant main effects and interactions. The least significant difference (LSD) method was used for variables with equal variances and the Dunnett's C method for variables with unequal variance. For the data sets in this study, most of the variables were close to normally distributed, and had, for the most part, equal variances and were independent of each other. Statistical analyses were performed using SPSS# 10 . 1 for Windows.
RESULTS
The ARAs revealed an overall significant difference among treatments (ANOVA, F 5,683 ¼22 . 97, P , 0 . 001). Post-hoc LSD analysis revealed significant differences between the TEM samples and all of the other treatment types (Table 1) .
The site average amounts of ethylene (C 2 H 4 ) produced per gram of S. tomentosus/P. contorta TEM for a 24-h period ranged from 0 . 0 to 5696 . 7 nmol. This includes results from all sites, for both years ( (Table 2 ). Ethylene production in the spring of both 1997 and 1998 was lower than summer production. Average C 2 H 4 amounts for spring 1997 ranged from 32 . 8 to 242 . 8 nmol g 21 TEM 24 h 21 whereas none was detected in spring 1998 (Table 2) .
There were significant differences in C 2 H 4 production between the stand ages in spring 1997 and summer of both 1997 and 1998. The difference between young, class 2 stands and old, class 8 stands was significant for all seasons and both years combined (ANOVA, F 1,72 ¼8 . 965, P ¼ 0 . 004) with young stands exhibiting greater nitrogenase activity (Table 3 ). The sites (soil types) were not significantly different (Table 3) . Maximum amounts of C 2 H 4 produced per g TEM 24 h 21 showed similar trends as those for average values based on soil types and stand age class comparisons (Fig. 2) . The highest amount of C 2 H 4 produced (25 098 . 8 nmol g
21
TEM 24 h 21 ) occurred in young P. contorta stands in summer 1998 (Fig. 2F) . 
DISCUSSION
Occurrence of nitrogen fixation in relation to TEM Suillus tomentosus/P. contorta TEM exhibited in situ nitrogenase activity as indicated by the ARA. Ethylene was only produced in amounts above background levels in the treatments that included TEM as opposed to non-TEM mycorrhizae or non-mycorrhizal roots. Acetylene reduction was quite variable depending upon the season of sampling, stand age and possibly other variables (soil). Any of a number of covariates such as soil moisture or temperature could have actually been responsible for the variation. Nevertheless, substantial acetylene reduction was found on TEM on numerous occasions from a variety of locations within this study. The experiment conducted here was well controlled with checks for ethylene evolution from the apparatus, ethylene oxidation inhibition by acetylene and prolonged incubation effects. The finding of acetylene reduction was repeated with consistent patterns in relation to treatments. We are confident that the nitrogenase activity detected was associated with the TEM and not from some other source. Li et al. (1992) found minor levels of acetylene reduction on the TEM system they studied. It is possible that the high spatial and temporal variability observed herein may also have been a factor in the Li et al. (1992) findings. In addition, mineral nitrogen availability is known to reduce nitrogen fixation rates (Sougoufara et al., 1990; Zuberer, 1998; Dianda and Chalifour, 2002) and therefore TEM occurring in stands with high nitrogen availability may display lower nitrogenase activity. The soils of the SBPSxc where this study was undertaken are consistently nutrient-poor, especially in nitrogen.
Levels of nitrogenase activity
The nitrogenase activity measured from S. tomentosus/ P. contorta TEM in situ is substantial when compared with values of associative nitrogenase activity measured from Rhizopogon vinicolor/Pseudotsuga menziesii TEM in situ (Li et al., 1992) . In their study, Li et al. (1992) report an average value of 39 . 1 nmol C 2 H 4 g 21 TEM 24 h
21
. In comparison, the average nitrogenase activity for S. tomentosus/P. contorta TEM is 5696 . 7 nmol C 2 H 4 g 21 TEM 24 h
. In contrast to Li et al. (1992) , who only found N 2 -fixing bacteria on the surface of Rhizopogon vinicolor/Pseudotsuga menziesii TEM, N 2 -fixing bacteria reside within S. tomentosus/P. contorta TEM (Paul, 2002) . The bacterial species found in S. tomentosus/P. contorta TEM were identified [using a combination of BIOLOG carbon utilization analysis (BIOLOG, Hayward, CA, USA), gas chromatography of fatty acid methyl esters and PCR amplification and sequencing] as Paenibacillus amylolyticus and Methylobacterium mesophilicum (Paul, 2002) . The combination of high nitrogenase activity and N 2 -fixing bacteria residing within S. tomentosus/P. contorta TEM strongly suggests that S. tomentosus/P. contorta TEM may be functioning as symbiotic nitrogen-fixing structures similar to other nodular loci of nitrogen fixation.
Effects of stand age, season and site
The intention behind sampling in different ages of stands, seasons and sites, for the purpose of the present study, was not to determine if these factors had significant effects on nitrogenase activity, but rather to increase the odds of having at least some measurements in a period and place where nitrogenase activity was high. Nevertheless, this study found some interesting relationships between these variables and acetylene reduction activity. There were significant differences in acetylene reduction with stand age. There are logical arguments why this might be a real effect. For example, the significantly higher values for the young stands over the old stands could be related to a higher demand for nitrogen in young stands (Weetman, 1988; Kimmins, 1997; Olsson et al., 1997) be reflected in higher rates of fixation of nitrogen by TEM in the young stands. As Dakora and Phillips (2002) have discussed, there is a link between soil nutrient status and root exudates to short roots, which may mediate nutrient uptake. In the case of a nitrogen-fixing TEM, it is probable that increased root exudation in a stand with high nutrient demand on nutrient-poor soils would increase rates of nitrogen fixation. These data strongly suggest that there are seasonal variations in nitrogenase activity. It was surprising that spring was not a season of peak activity because summer in the study area is typically quite dry, which it was anticipated would have reduced biological activity in and around roots. Other ecosystems, or this ecosystem under different weather patterns, could behave differently. However, rotting wood does act as a good reservoir for moisture (Stevens, 1997) , which may lessen the relevance of summer dryness to N-fixation in rotting wood. Although the sites (soil types) were not significantly different ( Fig. 2A , C, E) there appears to be a trend that could be verified by a trial expressly designed to determine site effects.
Ecological significance of the observed activity
The highest average nitrogenase activity of S. tomentosus/ P. contorta TEM from this study was 5696 . . These values are very high relative to nitrogenase activity from associative and non-symbiotic nitrogen-fixing bacteria in other conifer systems. It has been reported that in a model ecosystem of Pinus resinosa Ait. and Pinus rigida Mill., the maximum nitrogenase activity of mycorrhizal roots was 44 . 4 nmol C 2 H 4 g 21 mycorrhizal root 24 h 21 (Bormann et al., 1993) . This is approximately 120 times lower than the highest average nitrogenase activity of S. tomentosus/P. contorta TEM. Additionally, the maximum average level of nonsymbiotic nitrogenase activity in coarse woody material (CWM) of P. contorta, Pseudotsuga menziesii, Tsuga heterophylla (Raf.) Sarg. and Thuja plicata Donn ex D. Don stands ranges from 7 . 3 to 32 . 6 nmol C 2 H 4 g 21 CWM 24 h 21 (Silvester et al., 1982; Jurgensen et al., 1987; Crawford et al., 1997; Wei and Kimmins, 1998) . These levels have been considered to be significant inputs of nitrogen for the forests where they were measured. In comparison, the highest average nitrogenase activity levels obtained in this study for S. tomentosus/P. contorta TEM are approximately 150-800 times these values. There could be many reasons for higher levels of nitrogenase activity in this study compared with studies that looked at associative or non-symbiotic nitrogenase activity in CWM. The most probable explanation for the difference is that nitrogen fixation in TEM is not equivalent to free-living or associative fixation. High nitrogenase activity in TEM is most probably the result of a structure that facilitates nitrogen fixation.
The highest average nitrogenase activity of S. tomentosus/P. contorta TEM from this study is approximately 10 % of the average activity reported from root nodules on Alnus rubra (51 000 nmol ) (Binkley, 1980; Lee and Son, 2005) . Alnus is widely recognized as making biologically significant contributions of fixed nitrogen to the ecosystems where it is abundant and TEM have nitrogenase activity levels of the same order of magnitude as Alnus. Whether the standard of comparison is known rates of symbiotic or associative nitrogenase activity, the present findings indicate that TEM have nitrogenase activity levels that are biologically significant. This may be particularly important in ecosystems such as the SBPSxc where P. contorta is the dominant tree species in both early and late seres. The next phase of this work will be to quantify the levels of fixation on an area or unit biomass basis, and this will be the critical step in establishing the full importance of this newly recognized nitrogen-fixing structure.
